Background--Obstructive sleep apnea is associated with high blood pressure. The magnitude of blood pressure effects from sleep apnea treatment is unclear. We aimed to determine the effect of mandibular advancement device therapy on ambulatory nighttime and daytime blood pressure in women and men with daytime sleepiness and snoring or mild to moderate sleep apnea (apneahypopnea index, <30).
T he risk of hypertension is doubled in subjects with obstructive sleep apnea. 1 Hypertension is also more prevalent in women with sleep apnea, whereas diabetes mellitus type 2 and ischemic heart disease are more prevalent in men with sleep apnea. 2 We identified 6 randomized controlled trials using mandibular advancement devices for sleep apnea with 24-hour blood pressure as the outcome. [3] [4] [5] [6] [7] [8] Three trials reported no effect versus placebo, 3, 5, 6 one study reported a reduction in daytime blood pressure, 7 and another reported a reduction in nocturnal diastolic blood pressure. 4 The sixth study reported no difference between a mandibular advancement device and continuous positive airway pressure, but there was no difference in blood pressures versus baseline with either treatment. 8 None of these studies analyzed men and women separately, and they contained 15% to 21% women. A meta-analysis of the effects of antihypertensive drugs reveals slightly more pronounced reductions in blood pressure in women than in men. 9 A recent viewpoint highlights the fact that women's responses to therapeutic interventions often differ significantly from those of men. 10 We were interested in studying the effect of mandibular advancement devices on blood pressure during the daytime and at night separately in men and women, because the effect of mandibular advancement devices varies between different trials and the treatment is only used at night. Furthermore, to date, no one has studied possible sex differences in effect.
Previously, in a randomized controlled trial, we reported that mandibular advancement devices are effective in reducing sleep apneas. 11 Herein, we report a secondary prespecified outcome, blood pressure during the daytime and nighttime, separately in women and men.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design
A randomized, sham-controlled, double-blind, parallel-group study of the efficacy of a mandibular advancement device was designed according to the CONSORT (Consolidated Standards of Reporting Trials) Statement and conducted at the Department of Orthodontics and Department of Medicine, Ume a University, and Ume a University Hospital. The patients were randomized to receive an active device or a sham device. They were stratified on whether they had a diagnosis of sleep apnea or had an apnea-hypopnea index of <5. The randomization was based on a computer-generated table in blocks with 4 designs created by a statistician, delivered by a third party, and with the randomization key kept secret. The study was double blinded, and all patients and all personnel, including those scoring the blood pressure and polysomnography, were blinded to the treatment assignment. At baseline and follow-up, after 4 months, all the patients underwent polysomnographic sleep recordings and 24-hour ambulatory blood pressure monitoring (ABPM SpaceLabs Medical 90217 ambulatory blood pressure monitor). 12 Blood pressure was measured every 20 minutes.
Daytime was defined as 6 AM to 10 PM, and nighttime was defined as 10 PM to 6 AM. Blood pressures >240/150 or <70/40 mm Hg were regarded as unreliable and were excluded from the results. Body mass index was calculated from measures of height and weight before the study start. Polysomnographic sleep recordings (Embla; Natus Neurology) were made at home and included continuous recordings of electroencephalograms (channels C3/M2 and C4/M1), electro-oculograms, submental electromyography, nasal flow pressure sensor, piezoelectric belts (Resp-EZ; EPM Systems), pulse oximetry (NoninXPOD + 8000J SensorAdult Flex System; NoninMedical), piezo respiratory effort sensor (ProTech; Philips), ECGs (V5), and a body position sensor. All the recordings were scored manually, according to the American Academy of Sleep Medicine Task Force. 13, 14 At baseline and follow-up, the patients responded to questionnaires about daytime sleepiness, 15, 16 and they assessed adherence to the mandibular advancement device or the sham device.
Ethical Approval and Registration
The study protocol was approved by the Ethics Review Board at Ume a University and registered. All the patients gave their written consent to participate in the study.
Patients
Patients who were referred from the Department of Medicine to the Department of Orthodontics for treatment with mandibular advancement devices were asked to participate in the study. The criteria for inclusion were snoring; daytime sleepiness, defined as at least 1 positive answer on 4 different scales 11 ; and an apnea-hypopnea index <30. Patients with severe psychiatric illnesses, including dementia; an inability to protrude the mandible for ≥5 mm; active periodontal disease or caries; few teeth for anchoring the device; tonsil hypertrophy (grade 3 or 4 on the Friedman Scale); participation in other studies; or a bias with regard to the study (ie, physicians or nurses at the clinic) were excluded.
Interventions/Treatment
A custom-made adjustable mandibular advancement device, the Herbst device, was used as active treatment. It consisted of 2 parts made of elastomer and connected by 2 lateral screws that enabled the continuous titration of the mandible forward. A mandibular advancement of 6 to 7 mm was intended for all patients. The sham device consisted of an acrylic plate in the palate and did not influence the position of the mandible.
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Outcome
The outcome was the blood pressure at follow-up, separately in men and women, with adjustments for baseline blood
Clinical Perspective
What Is New?
• Mandibular advancement device therapy reduces nighttime blood pressure in women.
• This effect was not found in men.
What Are the Clinical Implications?
• Obstructive sleep apnea is usually regarded as a male disorder.
• This trial highlights that women with symptoms of sleep apnea should be investigated and subsequently treated for sleep apnea.
pressure, age, body mass index, and the apnea-hypopnea index.
Statistical Analyses
The sample size was estimated at 60 patients plus 15 patients for potential loss, making a total of 75 patients in each group to detect changes of 25% in the occurrence of categorical data, with reports of daytime sleepiness according to the Epworth Sleepiness Scale and other ordinal and categorical data. 11 The statistical tests had a power of 0.8, and P<0.05
was considered significant.
Descriptive continuous variables were presented as means and SDs, and categorical variables were presented as numbers and percentages. Independent and dependent t tests were used to calculate mean differences in blood pressure, with 95% confidence intervals (CIs), between the 2 groups and differences from baseline at the time of followup. Fisher's exact test was used to analyze categorical data. Differences in blood pressure between the mandibular advancement device and the sham device were adjusted for baseline blood pressure, age, body mass index, and the apnea-hypopnea index using linear regression analysis, separately in women and men. Multiple regression models Figure 1 . Flow chart showing the patients screened, randomized, and analyzed. Exclusions were made because of severe obstructive sleep apnea (OSA; n=27), body mass index ≥35 kg/m 2 (n=20), <20 or ≥70 years of age (n=22), not sleepy (n=69), medical reasons (n=15), dental reasons (n=37), other ongoing OSA treatment or no treatment needed (n=109), professional driver (n=28), refused participation (n=71), and long distance to the clinic, old sleep recording, biased to the study, or included in other studies (n=43). BP indicates blood pressure; MAD, mandibular advancement device.
were used to test if there was a significant interaction between sex and treatment. The regression models for nighttime systolic and diastolic blood pressures included sex, age, body mass index, apnea-hypopnea index, treatment, and interaction between sex and treatment. The SPSS statistical software pack, version 24 for Mac, was used in the calculations.
Results
Ninety-six patients were randomized, 48 in the mandibular advancement device group and 48 in the sham device group. 11 Three patients in the active group and 2 patients in the sham group did not tolerate their devices, and they refused further participation ( Figure 1 ). Of the 91 patients who completed the study, a further 6 subjects were excluded from analysis because of possible blood pressure effects from other sources: 1 because of shift work during the night of blood pressure registration, 1 because of aortic coarctation that might interfere with interpreting the results for blood pressure, and a further 4 because they changed their number of antihypertensive medications during the study. Baseline and follow-up data on blood pressure were available in 27 women, 11 in the mandibular advancement device group and 16 in the sham group; and in 58 men, 31 in the mandibular advancement device group and 27 in the sham group ( Figure 1 ). There was no difference in any baseline variable between women and men ( Table 1) . The mandibular advancement device group reported that they had used their devices for a mean of 87% (SD, 17%) of the nights, and the sham group had used their devices during 82% (SD, 22%) of the nights. There was no difference in adherence between the intervention groups in the whole sample or in any sex. Two women in the active group and 3 in the sham group and 2 men in the active group and 2 in the sham group did not use their devices during the night with blood pressure recordings. All men and women were included in the analysis regardless of whether they used the device or not during the recordings. Body mass index was unchanged during the study in both women and men in each intervention group.
Whole Sample
There were no significant effects on blood pressure from the mandibular advancement device compared with the sham device in the whole sample, neither in crude difference nor in the adjusted analysis, which included blood pressure at baseline, age, sex, body mass index, and the apnea-hypopnea index (Table 2, Figure S1 ). There was a significant interaction between sex and treatment effect in nighttime systolic blood pressure (P=0.020) and nighttime diastolic blood pressure (P=0.025).
The apnea-hypopnea index was 9.4 events an hour (95% CI, 6.5-12.3 events an hour; P<0.001) lower in the mandibular advancement device group compared with the sham device sample, adjusted for the baseline apnea-hypopnea index, body mass index, and age.
Women
The mean adjusted nighttime systolic blood pressure was 10.8 mm Hg (95% CI, 4.0-17.7 mm Hg; P=0.004) lower in women using mandibular advancement devices versus sham devices, with adjustments for the baseline blood pressure values, the apnea-hypopnea index, body mass index, and age. The mean adjusted nighttime diastolic blood pressure was 6.6 mm Hg (95% CI, 2.7-10.4 mm Hg; P=0.002) lower in the mandibular advancement device group (Table 3) (Figures 2  through 5 ). The mean daytime systolic and diastolic blood pressures did not differ between the mandibular advancement device group and the sham group (Table 3) .
The apnea-hypopnea index was 8.7 units (95% CI, 1.9-15.4 units; P=0.014) lower in the mandibular advancement device group compared with the sham group, adjusted for the baseline apnea-hypopnea index, body mass index, and age (Table 3) .
Men
There were no significant differences in blood pressure at night or during the daytime in men using mandibular advancement devices versus sham devices (Table 4 ; Figures 2 through 4 and 6 ). The mean difference between the intervention groups in nighttime systolic blood pressure was 0.6 mm Hg (95% CI, À3.8 to 4.9 mm Hg; P=0.78); and in nighttime diastolic blood pressure, it was 0.6 mm Hg (95% CI, À2.4 to 3.6 mm Hg; P=0.52).
The apnea-hypopnea index was 9.6 units (95% CI, 6.4-12.9 units; P<0.001) lower in the men who had used the mandibular advancement devices compared with those who had used the sham devices, adjusted for the baseline apneahypopnea index, body mass index, and age (Table 4) .
Sleep Quality
Sleep quality did not differ between the mandibular advancement device group and the sham device group in the whole sample or in either sex (Tables 5 and 6 and Table S1 ). 
Discussion
Women who were treated with mandibular advancement devices at night experienced a reduction in their nighttime blood pressure compared with women who had used sham devices in this 4-month, randomized, sham-controlled trial; men did not experience a reduction. This sex difference is a new finding, and no previous study has investigated whether sex difference of this kind occurs in blood pressure when treating men and women for sleep apnea. The systolic nighttime adjusted blood pressure was a mean of 10.8 mm Hg (95% CI, 4.0-17.7 mm Hg; P=0.004) lower in the women using mandibular advancement devices versus the sham group, with adjustments for the baseline blood pressure values, the apnea-hypopnea index, body mass index, and age. The mean adjusted nighttime diastolic blood pressure was 6.6 mm Hg (95% CI, 2.7-10.4 mm Hg; P=0.002) lower in the active group compared with the sham group. In men, there were no significant differences in blood pressure at night or during the daytime. Individually fabricated mandibular advancement devices and continuous positive airway pressure reduce blood pressure when treating sleep apnea, according to meta-analyses, but the effect varies between studies. [17] [18] [19] The time and location of the blood pressure measurements varied in the studies that included an average of 20% women. Bratton et al 17 report that mandibular advancement device therapy reduces the systolic blood pressure by 2.1 (95% CI, 0.8-3.4) mm Hg and the diastolic blood pressure by 1.9 (95% CI, 0.5-3.2) mm Hg, and a similar effect was found with continuous positive airway pressure. In a recent meta-analysis, the use of positive airway pressure, compared with sham or no treatment, was not associated with reduced risks of cardiovascular outcomes or death for patients with sleep apnea. 20 The samples included in that systematic review comprised only an average of 20% women. By investigating women and men separately during 24 hours of blood pressure measurements in the present study, we found a greater effect on blood pressure compared with the above-mentioned studies of blood pressure effects and only during the night when the mandibular advancement devices were used. In our study, the group of women who had been randomized to active treatment experienced a significant reduction in both their nighttime blood pressure and apneahypopnea index. In contrast, the women who had been randomized to the sham intervention experienced an increase in both their nighttime diastolic blood pressure and their apnea-hypopnea index during the 4 months. Among men receiving active treatment, there was no change in blood pressure, despite the fact that the apnea-hypopnea index decreased significantly. In men using the sham device, there was no change in either blood pressure or the apneahypopnea index. In neither the women nor the men did the mandibular advancement device have any effect on sleep quality. These findings indicate that there are some differences between women and men on their response to obstructive sleep apnea treatment in terms of blood pressure.
Different mechanisms have been proposed to mediate the increase in blood pressure observed in patients with obstructive sleep apnea. The most established mechanism is a blood pressure elevation through increased sympathetic activity. [21] [22] [23] High sympathetic activity also stimulates the renin-angiotensin system, and patients with obstructive sleep apnea and hypertension have increased aldosterone secretion. 24 The treatment of obstructive sleep apnea with continuous positive airway pressure decreases the sympathetic activation. 25 The mechanisms for a possible difference between women and men in the effect of mandibular advancement device therapy on high blood pressure remain to be proved. High aldosterone secretion increases the retention of sodium and water in the kidneys and is related to the severity of obstructive sleep apnea and blood pressure level. 24, 26, 27 Hypertension in women is more sensitive to sodium intake than in men. 27 However, it is not known whether aldosterone secretion decreases after the treatment of obstructive sleep apnea in women. Obstructive sleep apnea is related to the activation of the hypothalamic-pituitary-adrenal axis and increased cortisol levels, although these results vary between studies. 28 Continuous positive airway pressure lowers the cortisol levels, but it is not known whether there are sex differences in this effect. 28 The improvement in blood pressure as a result of using the mandibular advancement devices among the present women with sleep apnea and a worsening during the sham intervention occurred within only a few months. In the Wisconsin cohort study, hypertension had increased at the 4-year follow-up of untreated subjects with obstructive sleep apnea compared with healthy controls. 1 The present trial indicates that blood pressure fluctuations in relation to nightly breathing stops take place during short time spans and stresses the indications for the effective treatment of obstructive sleep apnea. This may be particularly important for women, who often remain undiagnosed and untreated for obstructive sleep apnea. 29 One limitation of the present study is that we only stratified for disease severity, but not for sex and hypertension. Adherence to treatment is also critical to ensure success. In the present study, the overall adherence to therapy was >80% in both groups. We used self-assessments of adherence, which is a limitation in the present study. Compliance monitors were not widely available when the study was designed. 30 A later study, comparing the results of objectively measured adherence with subjectively reported use, found only a 30-minute longer sleeping time in the subjective reports. 31 Women in the population often experience sleep apnea, related to hypertension. 32 Sleep apnea is, however, often regarded as a male disorder, and sleep apnea is underdiagnosed in women in relation to men. 33 This trial supports the hypothesis that women with symptoms of sleep apnea should be investigated and subsequently treated for sleep apnea. The trial also supports the belief that women's responses to therapeutic interventions differ significantly from those of men, and it further highlights the need for mechanistic studies and trials of sleep apnea separately in women and men.
Conclusion
A mandibular advancement device for obstructive sleep apnea reduces the nocturnal blood pressure in women.
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